Abstract-Programmable analog signal conditioning circuits can be programmed in the field to permit their use in several applications with a variety of sensors with different output signal characteristics. The digital programming of the gain and dc level shift of a conditioning circuit can affect the measurement resolution and cause a reduction in the range of the measuring system in which it is employed. For a specified maximum acceptable loss in the measurement resolution, a procedure for defining and employing the programming values that guarantees the full measurement range is proposed. The proposed methodology takes into account practical implementation considerations and can be employed for designing either discrete or integrated circuits.
The functions of amplification and dc level shift can be performed in programmable gain amplifiers [1] - [3] , and there are also some commercial programmable analog or mixed integrated circuits available today that can be used for this purpose [4] - [6] . However, in these works and products, the programming values are defined empirically without considering their effect in the final measurement quality.
Due to the inherent nature of discrete programming, not all values for the gain and dc level shift can be obtained over a specific range. Values of the dc level shift different from the ideal ones might cause the conditioning circuit signal to saturate (at amplifier's or ADCs output signal limits) leading to a reduction of the effective measurement range. Also, gain values smaller than the ideal ones cause the conditioned signal to lie over a fraction of the specified ADC input range, amounting to a loss in the measurement resolution.
For several practical applications, it is more crucial to ensure the full measurement range than to put up with some loss in the measurement resolution. The loss in measurement range cannot be recovered, while the loss in measurement resolution can be compensated by specifying an ADC with higher resolution during the design phase. For a specified admissible loss in the measurement resolution, a procedure for defining and employing the gain and dc level shift programming values is presently proposed. This procedure guarantees the full measurement range and still yields the smallest size of the set of admissible discrete programming values taking into account the practical implementation constraints.
The procedures for defining the programming sets for the case of a single-stage signal conditioning circuit are developed in Section III. The procedures for a multistage pipelined case are developed in Section IV based on the results obtained for the single-stage case. In Section V, we extend these results for the cases of fully differential signals. Fig. 1 shows a single-stage conditioning circuit block diagram. The main role of the signal conditioning circuit is to adjust the sensor's output signal span to match the ADC input range. The sensor's output signal is first dc level shifted by and then amplified with a gain . In the absence of an adequate signal conditioning, the conditioned signal may exceed the ADC input range causing saturation at its output. This effect is represented by the saturation block in Fig. 1 Normally, the sensor output signal range (input to the conditioning circuit) does not correspond to the ADC input span. The upper and lower limits of the input signal can be expressed respectively as and (1) where represents input signal without dc level, and represents the input signal dc level that must be ideally compensated.
II. PRELIMINARY DEFINITIONS
The values of gain and dc level shift must be chosen for each specific sensor employed, even though these can assume only some discrete values. Consequently, the errors in programming the gain and dc level shift are defined respectively as (2) and (3) where and are the actual (available) and the ideal gain respectively and is termed as the gain error. is the dc level shift provided by the conditioning circuit and is the error in the dc level shift (dc level residue).
A. Conditioned Signal
The conditioned signal without the effect of saturation can be calculated as . In this way, with , the conditioned signal upper and lower limits can be expressed in terms of the gain error and dc level residue, from (1), (2) , and (3), respectively as (4) and (5) The conditioned signal span, as defined before, may be written as
B. Loss in Measurement Resolution
The measurement resolution is affected by a mismatched programmed gain, which makes the conditioned signal span to be different from the ADC input signal span. The loss of resolution is defined as and it can be expressed (in number of bits) either in terms of the relative gain error or in terms of the ideal and actual gain values [7] , respectively, as
The loss of measurement resolution caused by the conditioning circuit is in addition to the loss due to the ADC nonidealities and both should be considered in determining the total measurement resolution loss.
C. Requirements to Ensure the Complete Measurement Range
To eliminate loss in the measurement range there should be no saturation in the ADC output. Thus, for the upper limit of the conditioned signal value at the ADC input, we must have and from (4) we have
where always assumes negative values. Similarly, for the lower limit value of the conditioned signal, we must have and from (5) we have
Considering the equal to zero, we have
Thus, from (9) and (11), we can observe that the dc level shift must be equal to or greater than zero. Therefore, as the actual gain is always positive, (11) always holds true. If we force the gain error (by choosing an under-dimensioned gain) high enough to guarantee (9) we will also guarantee no loss in the measurement range. Thus, the requirements to eliminate loss in the measurement range are as follows.
• The dc level shift must not be over-dimensioned.
• The relative gain error must be high enough to assure (9), making the gain under-dimensioned.
III. SINGLE-STAGE CONDITIONING CASE
The loss in the measurement range can be caused by an incorrect dc level adjustment and/or by employing an over-dimensioned gain, which causes part of the conditioned signal span to lie outside the specified ADC input limits. Further, if we always employ an under-dimensioned gain, we can cancel the loss of measurement range due to the ill chosen adjustment in the dc level. Although, this restriction on the gain introduces some extra loss in measurement range and influences the choice of the set of dc level shift programming.
A. Gain Programming Set
We define the maximum and minimum ideal gains, according to the output signal characteristics of a chosen group of sensors, as and . The complete gain programming set consists of values and it is denoted as , with and . In addition, we must define the maximum acceptable loss in the measurement range as . As stated in the previous section, the gain must be always under-dimensioned to ensure the full measurement range. The key idea in the programming strategy is to choose, from the programming set, the next value smaller than that equal to or smaller than the ideal required gain. Thus, the gain to be employed from the set is (as function of the programming index ), with given by
where is a gain value, not included in the set, used for defining when the last gain value is to be employed. The value of is determined later on. For this strategy, the maximum relative gain error is given by the ratio of the gain values separated by two gain steps, and the minimal relative gain error is given by the ratio of the gain values separated by one gain step. From (7) and considering the maximum admissible loss of resolution, we can define the maximum ratio of the gain values separated by two steps of gain as and, for , we can write
In order to determine the relationship between two consecutive gain values we can decompose the ratio into two fractions and , so that . In this way, we can define relationship between the gains with even and odd index as 
The minimum gain programming set, as function of and , can be written as
where , which makes the relative gain error different from zero for the first programming value, and is equal to one if is even and zero otherwise. For example, for , the complete set is given by . The gain values that compose the set define a series and can be calculated (for ) as . The value of is given by the next value of the series after the last gain value in the set, so . The number of the elements in the gain programming set can be determined by completing the series until finding the maximum gain value that is equal to or smaller than the maximum ideal gain, or . Alternatively, the number of programming values can be determined as (18) The best relationship among the gain ratios is , because these define a constant minimum relative gain error over the full programming range. However, the values of and can be chosen for defining gain values which are easy to implement in practice, as it is shown in the application example.
B. DC Level Shift Programming Set
Considering the signal to be single-ended we define the maximum and minimum dc level adjustment, according to the sensor output signal characteristics of a given group of sensors, as and . The complete dc level shift programming set consists of values and it is denoted as . As the required gain and dc level shift are independent, the best choice for the dc level shift programming set is the one that consists of equally spaced values. Thus, the dc level shift programming values can be calculated, for , as
The dc level shift employed (as function of the programming index ) must be smaller than or equal to the desired value, so . The worst-case dc level residue can be calculated as
The value of depends on the maximum value of the actual gain and on the minimum loss in the measurement resolution. The minimum loss of measurement resolution is attained for the smaller of the and values. From (9), (16) and considering the worst-case dc residue and the maximum programming gain value, we have The required number of bits for programming the dc level shift values is given by the base two logarithm of .
IV. MULTISTAGE CONDITIONING CASE
For large values of the actual gain and large number of dc level shift programming values, , the conditioning circuit to implement the gain and dc level shift can become quite complex and expensive. Although, it is possible to split the conditioning circuit in several stages (as shown in Fig. 2) , and this has the advantage of reducing the ratio between the largest and the smallest programming element values for the circuit and may lower the gain bandwidth product specifications of the operational amplifiers to be used. In Fig. 2 , for the sake of generality every gain stage is considered to have its own output saturation limits.
A. Multistage Gain Programming Sets
The complete gain set given by (17) can be easily divided in smaller sets. One of the sets must contain part of the series defined by the one-stage case, starting with the minimum gain. The other sets can have just two values of gain, which are used to obtain the desired total gain. The conditioning stage employing more than two gain values is more complex than the others and is more susceptible to noise. Thus, this stage is chosen to be the last one, which minimizes the effect of the noise introduced into the system. The complete gain sets are . . . (23) where are integers and is the number of gain values for the last set.
For these sets, we must ensure that , i.e., the product of the gains employed in each stage, which gives the total gain, must provide at least the gain set defined by (17).
The amplifiers in the conditioning stages except the last one can be set to use a single gain value greater than one, for these can be simply bypassed, shorting the signal path, to employ a gain equal to one. The gain programming strategy is the same as for the single stage in such a way that it must provide the same necessary minimum and maximum relative gain errors to ensure the full measurement range.
B. Multistage dc Level Shift Programming Sets
For conditioning signal stages there must be dc level shift programming sets, 27) and with and . In order to determine the number of dc level shift programming values necessary for each stage, an analysis of the output signal at each stage is carried out, from the last to the first one. As the dc adjustment is considered always under-dimensioned, there exists no saturation at the lower saturation limit of any stage. The output signal upper limit in the last stage can be expressed as (28) for which one must guarantee . Following this procedure for the th signal conditioning stage, other than the last stage, the upper limit on the conditioned signal can be expressed as (29) for which we must ensure . Thus, as the worst-case, the highest value of the right side of (29) occurs for the th stage maximum gain and for the gains equal to one in the following stages. This makes (29) similar to (28) with the difference that the dc level may not be equal to zero for the first stage. Therefore, considering no saturation in the previous stages and following a similar procedure to achieve (9) and, later on (22), a generalized expression can be written as (30) with for . Finally, the maximum dc level at each stage input , can be calculated as (31) V. FULLY-DIFFERENTIAL CASE When the target application happens to use only differential signals (as with fully-differential amplifiers) or single-ended signals without dc level, there is no need to employ dc level shift and the design of the conditioning circuit can be simplified. The programming strategy can be defined to use the first available gain in the set that is smaller than or equal to the desired ideal gain. The complete gain set may consist of gain values of even index of the gain set defined in (17) and is defined as , with
. The number of programming gain values is given by which yields a set with approximately half the size of the set defined earlier in Section III. Likewise, the programming set can also be easily divided in several smaller sets for employing a multistage conditioning.
VI. APPLICATION EXAMPLES
As a design example, we consider a measurement system with an ADC input and amplifiers' output saturation limits equal to [0, 2 V], which may be obtained in circuits biased with 3.3 V , and the maximum acceptable loss of resolution equal to 1 bit. The necessary gain and dc level shift limits are [1, 256] Fig. 3 shows the upper and lower limits of the relative gain error given by (16), the minimum value of the relative gain error necessary to ensure the full measurement range calculated from (9), and the actual relative gain error, which happens to be the same for the single-stage and two-stage designs.
B. Two-Stage Design
For a two-stage pipelined conditioning design, considering the same saturation limit for both stages, the gain set found in (32) can be divided into two gains sets as The number of programming values for the first stage, from (30) is , requiring 4 bits for programming each one. From (31), the maximum value of the dc level at the second stage input is 0.5 V and for this value we have . The ideal gain and actual gain are shown (for both single-stage and two-stage designs) in Fig. 4 , as function of the ideal gain, making evident the proposed strategy for selecting the appropriate gain values.
From the presented example, it can be seen that for a large range of the desired gain it is more interesting to divide the conditioning circuit into several stages. For the single-stage design, the maximum gain value employed and the maximum ratio between gain values are 128 and 170.7, respectively, and for the two-stage design, they are both equal to 16 (for the last stage). Thus, for the two-stage design (as compared to the single-stage design) the maximum ratio between passive components is reduced by a factor of 10.7. The gain bandwidth product specification for the second-stage amplifier is lowered by a factor of approximately five (considering the effect of cascading two amplifiers in the total gain bandwidth product). Likewise, the number of bits for programming the dc level shift is reduced from eight to four bits.
VII. CONCLUSION
A new methodology is proposed to define and select the appropriate programming values for the gain and dc level shift for one or several pipelined signal conditioning stages, which assures no loss in the measurement range. This procedure is illustrated by an example, where it can be seen that it is more advantageous to divide the conditioning into several pipelined stages, for a wide range of gains and dc level shifts. Dividing the signal conditioning circuit into several stages may also have the advantage of lowering the required specifications of the operational amplifiers in respect of the gain bandwidth product.
The proposed procedure can therefore be employed for a discrete component signal conditioning circuit as well as for an integrated one, independent of the circuit technique to be used. Nevertheless, the methods and analysis were carried out at the functional level, and an analysis of the practical limitations and imperfections of the analog circuits must be carried out, which may result in a trade-off between the number of stages and the signal conditioning accuracy.
